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Abstract
Growing food on Mars for long-term space
exploration has many benefits including reduced
costs and fuel requirements for lift-off, increased
nutrition and psychological benefits for astronauts, and oxygen and water regeneration.
However, there are also many complication
including potential threats caused by the thinner
atmosphere, which would force production
underground or into a heavily armored base.
Fiber optics and concentrating mirrors for
photon delivery provide a more efficient system
than more traditional electric systems. This
technology transmits solar radiation, and the
spectra can be altered by tuning the mirrors to
only transmit photosynthetic photons. In order
to reduce heat loads and optimize food
production it is important to determine whether
ultra-violet and far-red photons should be
included or excluded from this system. The
photons in this range can be either beneficial or
detrimental depending on the crop, timing and
intensity.

Introduction
Providing food to crewmembers on a manned
mission to Mars remains a logistical problem.
There are two options: bring it or grow it. For a
long mission to Mars, there is an opportunity for
substantial savings by relying on self-sufficiency,
as growing food can decrease launch weight and
therefore save fuel and money. Determining
how much to grow and how much to ship is
dependent on the productivity of the system.
Plants would also provide natural air purification
and regenerate oxygen and water. Additionally,

several astronauts have reported the therapeutic benefit of seeing plants on the International Space Station (Odeh & Guy, 2017).
While there are advantages to growing food on
a long extraterrestrial mission, there are
abundant complications. The thin atmosphere of
Mars transmits dangerous short wave radiation
with wavelengths below 320 nm. Ozone in
Earth’s atmosphere absorbs most of this
radiation. Additionally, the thin atmosphere on
Mars does not provide protection from incoming
meteorites. Together these factors indicate that
the best solution for habitation is to grow plants
below ground or in a heavily armored station.
In this type of environment, there are two
potential methods for getting photons to plants.
One approach utilizes photovoltaics (PVs) and
light-emitting diodes (LEDs), while the other
utilizes concentrating mirrors and fiber optics.
PVs are about 20% efficient and LEDs are about
50% efficient. Overall, this system would be
about 10% efficient. Concentrating mirrors and
fiber optics do not require intermediate
conversion into electrical energy and therefore
have a much higher efficiency. According to
Nakamura et al. (2012), this system is currently
37.4% efficient, but, unlike photovoltaics and
LEDs, the technology is still immature and there
is a lot of room for improvement. Predictions
assert that the efficiency of this system can reach
64.6%. The higher efficiency of this system can
drastically reduce equivalent system mass
compared to both shipping food and growing
under electric lights (Drysdale et al. 2008), which
would reduce duel requirements and costs.
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except for UV-B radiation, which is several times
higher* on Mars as both a percent of the total
and as an absolute flux. Photons in the UV-B
range are strongly weighted for biological effects
including growth responses, DNA damage and
sunburn (Flint & Caldwell, 2003; McKinlay &
Diffey, 1987).

Three aspects of light are important for plant
Figure 1: a & b. incoming shortwave radiation as a function
of wavelength on Earth (a) and Mars (b) compared to a topof-the-atmosphere measurement. c &d. Incoming biologically active radiation on Earth (c) and Mars (d). Data for
Earth comes from ASTM standards. Data for Mars comes
from Aaron Berliner.

growth and development: quality, quantity and
duration. All three factors are dependent on the
location on the planet, position and tilt relative
to the sun, and prevailing environmental factors.
A day on Mars, called a sol, is about 40 minutes
longer than a day on Earth. The duration of light
or photoperiod will change depending on the
“time of year,” but it is unlikely that the longer
day on Mars will affect plant growth. However,
yearly changes in photoperiod should be
considered when determining the location of the
base.
The intensity on Mars is about half that of Earth
(Clawson, 2007). This calculation is based on the
inverse square law and differences in atmospheric constituents including dust storms. It
estimates of radiation incident on Mars on the
average day ranges between 19 to 26 mol m-2
sol-1. However, due to spatial and environmental
conditions, this value can have substantial
variation.
The spectral fluxes of Earth and Mars are
compared in Figure 1 and Table 1. There are
minimal changes in the quality of the radiation,

Table 1: Approximate ratios of wavelengths on Earth and
Mars. These values can vary depending on environmental
conditions and the time of day. *The value for UV-B
radiation on Mars is estimated from a model for 300-320
nm. This is because as the wavelength decreases the
computational expense of scattering calculations increases
exponentially.

The parabolic concentrating mirrors can be
tuned with selective beam splitters to transmit
or reflect certain wavelengths. This aspect of the
technology has potential for increased optimization of the whole plant growth system. The
wavelengths not needed by plants are still
concentrated by the mirrors and can be
converted into electrical power using low bandgap PV cells (Nakamura et al. 2010). Photons in
the range of 400 – 700 nm are generally considered photosynthetic. The total photons in this
region incident on a square meter per second are
called the photosynthetic photon flux density
(PPFD). This value drives photosynthesis and
yield. It is therefore desirable to transmit as
much of this radiation as possible. Much of the
infrared radiation (above 800 nm) introduces an
unwanted heat load. The wavelengths just above
and just below the photosynthetic photons
(ultra-violet and far-red) have the potential to be
either beneficial or detrimental. Combining
mirrors and fiber optics that include and exclude
radiation in these regions offers the possibility
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Figure 2: Intumescence on tomato cv. Maxifort (a), potato cv. Russet Burbank (b), and pepper cv. Triton(c).

for precise modulation and an area for
optimization.
Ultra-violet:
UV-B (280 – 320 nm) and UV-A (320 – 400 nm)
photons have the potential to be beneficial.
Intumescence is a physiological disorder that
only occurs in controlled environments with
symptoms that appear as tumor-like growths on
leaves and stems. Intumescence in three species
is shown in Figure 2. Lang and Tibbitts (1983)
tested several factors that have the potential to
cause intumescence, and found that the
problem is severely reduced by the addition of
ultra-violet radiation. Additionally, UV can
potentially increase beneficial secondary
metabolites.
Conversely, many studies involved with ozone
depletion looked at how an increase in UV
radiation may change plant morphology
especially in detrimental ways (Flint & Caldwell,
2003). Similar to humans, UV has the potential to
cause damage. Whether UV is beneficial or
harmful heavily depends on the wavelength,
intensity, duration and species.

Far-red:
Far-red photons (700 – 800 nm) are involved in
shade responses. Chlorophyll heavily absorbs
radiation in the 400 – 700 nm region and
transmits much of the radiation beyond 700 nm.
Plants have evolved to sense this relative
increase in far-red to tell them if they are in the
shade. Plants are often categorized as either
shade avoidant or shade tolerant. While
definitions may vary, it is useful to categorize
plants as shade avoidant if they increase stem
length more than leaf area and shade tolerant if
they increase leaf area more than stem length.
Moreover, these categories inform whether it
would be advantageous to apply this radiation
on a crop in a controlled environment. An
increase in leaf area increases photon capture
and therefore also increases yield and growth
rates, while an increase in stem length decreases
structural strength, which leads to a higher
chance of physical damage. In addition, longer
stems mean carbon is allocated to organs that
are not beneficial. Generally, shade avoidance
has been associated with decreases in yield
(Robson et al. 1996; Sawers et al. 2005). Like UV,
whether these photons are beneficial or
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detrimental depends on the species, intensity,
wavelength and duration
The objective of his research is to determine the
importance of ultra-violet and far-red photons
for food production on Mars.

traces of the four light treatments (no UV, UV-A,
high UV-B, low UV-B). In the first experiment
there were 28 days from emergence to harvest
and in the second experiment there were 16
days.
Russet Burbank potato was used in this study
because of its proclivity for intumescence.

Materials & Methods
Plants were grown in 2 L pots with 50/50
peat/vermiculite media. Seeds or seed potatoes
were started in the pots and watered as needed
with Peters excel nutrient solution (21-5-20 at a
concentration of 100 (FR) and 120 (UV) mg L-1 N).
Plants were grown in a walk-in growth room with
a day night temperatures of 27/22 ˚C and a
photoperiod of 16 h. Light quality and quantity is
described below for each experiment.
Ultra-violet:
UV treatments used a common neutral white
LED background to which UV-A and UV-B
fluorescent bars were added. The PPFD of the
neutral white light was about 260 µmol m -2 s-1.
UV-A intensity was similar to the percent of
sunlight. In two studies, the no UV and UV-A
treatments remained the same, but the intensity
of the UV-B treatment was reduced in the
second experiment. Figure 3 shows the spectral

Figure 4: Spectral trace of neutral white, UV-A, low UV-B
and high UV-B treatments. UV-B (280 – 320 nm) and UV-A
(320 – 400 nm) regions are blown up in the graph with a
dashed line dividing the two regions.

Photos were taken at harvest and plants were
observed for intumescence and ranked on a
scale from 1-5 (1 = 0%; 2 = 1-25%; 3 = 26-50%; 4
= 51-75%; 5 = 76-100% cover). Plants were also
observed for UV damage.
Far-red:
Far-red LEDs were supplemented to a custom
combination of blue, white and red LEDs (Figure
4). The intensity of the background light was
approximately 600 µmol m-2 s-1.
The effects of far-red were tested on eight
diverse species including tomato (cv. Beefsteak),
wheat (cv. Jefferson), lettuce (cv.Waldmann’s
Dark Green), pole-bean (cv. Kentucky Wonder),
pea (cv. Alaska), cucumber (cv. Straight Eight),
soybean (cv. Hoyt) and corn (cv. DK-641). Days

Figure 3: Spectral traces of with and without far-red
treatments. The added far-red is labelled in the figure.
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from seeding to harvest were 36, 24, 25, 22, 22,
25, 38 and 18, respectively.
Photos were taken at harvest and stem length
and leaf area were measured.

Results & Discussion
Ultra-violet:
Following the work by Lang & Tibbitts (1983), we
found that UV reduced the severity of
intumescence. Using a LI-COR portable photosynthesis system, we found that a leaf with
intumescence had 60% lower carbon assimilation rate than a healthy leaf (data not shown).
UV-A decreased intumescence rating from 3 (2650%) to 2 (1-25%) compared to the neutral white
treatment. Most previous studies have looked at
the effects of UV-B to reduce intumescence, but
it was difficult to reduce the UV-B to non-

damaging levels, and the UV-B burned the plants
in the first trial. In a follow-up experiment, the
UV-B intensity was reduced and this kept
intumescence at a rating of 1 without burning
the plants (Figure 5).
Plant sensitivity to UV-B is a large question that
remains unanswered. Kubota et al. (2017)
reported a UV dose response curve for
alleviating intumescence. Their highest treatment was 6.7 mmol m-2 d-1, while the intensity of
the high UV-B reported here was 88.4 mmol m-2
d-1 and 14.7 mmol m-2 d-1 for low UV-B. The
Kubota paper used linear regression to estimate
that 12.3 – 14 mmol m-2 d-1 was required for
completely removing intumescence in Beaufort
tomato. There was no intumescence in our low
UV-B treatment. The threshold of when UV-B
becomes damaging is still unknown, but clearly
88.4 mmol m-2 d-1 is too much. In another study
(unpublished data) we found that the same

Figure 5: Representative photos of UV treatments. No UV and UV-A treatments were grown under the same conditions. The UV-B
was high in rep 1 and low in rep 2. Since the plants were not grown for the same period of time it is difficult to make direct
comparisons between replicate studies. This is because it appears that intumescence becomes increasingly worse as the plant ages.
Comparisons can still be made within replicates and between the UV-B treatments, because UV-B damage appears much sooner
than intumescence.
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amount of UV-B (14.7 mmol m-2 d-1) was
beneficial for tomato (cv. Maxifort), but
detrimental to pepper (cv. Triton). Clearly, there
are different response thresholds for different
species. It should also be noted that intumescence is actually somewhat uncommon, and
only occurs in certain cultivars. This is an
important consideration when choosing which
cultivars to use. Additionally, it is an important
question for transmitting or reflecting UV-B on
Mars, which has a much higher intensity
compared to Earth. The thresholds for benefits
and drawbacks of UV-B will be very species
dependent. Additionally, since UV-A appears to
be beneficial (at least in regards to reducing
intumescence) it is of value to determine the
beneficial/detrimental thresholds as a function
of wavelength. Flint & Caldwell (2003) report
several different weighting factors for UV, both
from their own data and from previous reports.
These weighting factors are for parameters
including DNA damage, erythemal response, and
morphological change. There is great potential
to build on this research.
Far-red:
A summary of the effects of added far-red on
stem length and leaf area are shown in Table 2.
Representative pictures are shown in Figure 6. In
general, far-red increased stems more than
leaves. It is difficult to determine what threshold
should be established for when to include or
exclude far-red. Obviously, some species like
lettuce are greatly benefitted by far-red and it
ought to be included in production. Monocots,
like corn and wheat, appear to be relatively
unresponsive to far-red. Many agronomic crops
have been bred to be relatively unresponsive to
crowding, which means they are unresponsive to
far-red. This has led to an increase in yield on a
per plant and per area basis. Robson et al. (1996)
over-expressed phytochrome-A , which inhibits
stem elongation in response to far-red, but is
quickly degraded and down regulated in light,

Figure 6: Representative photos of plants grown with and
without supplemented far-red. More than one representtative plant are in treatments with responses that have high
variability or little effect.

giving way to phytochrome-B, which has an
antagonistic response. By over-expressing
phytochrome-A, dense planting decreased
shade avoidance and increased yield.
Phytochromes and associated genes have been
suggested as targets of manipulation to
increased yields with higher density planting
(Sawers et al. 2005). Now, with the advent of
CRISPR technology, this is even more possible,
but for now, it may be beneficial to continue
screening cultivars for far-red responses.

Table 2: Averages of stem length and leaf area were
calculated for far-red and no far-red treatments. The
percent increase of both of these parameters when adding
far-red.
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Some estimates by nutritionists suggest that a
healthy diet for astronauts may require upwards
of 100 kinds of vegetables. While most of these
would not be grown in nearly the quantity as
high calorie agronomic crops, in order to
optimize the system it is still useful to know how
they respond to far-red.

films (Doctoral dissertation, University of Colorado at
Boulder).

In a separate study (data not shown), our results
appeared to suggest that far-red increased the
severity of intumescence in potato, which is
contrary to previous studies.

Flint, S. D., & Caldwell, M. M. (2003). A biological
spectral weighting function for ozone depletion
research with higher plants. Physiologia
plantarum, 117(1), 137-144.

Summary
Using concentrating mirrors and fiber optics on
Mars is at present the most efficient technology
for getting photons from the sun to plants in a
closed controlled environment. Due to the
increased distance and reduced atmosphere of
Mars, the solar intensity is about half that of
Earth. For maximum plant productivity, the
maximum amount of photosynthetic photons
should be applied. Concentrating mirrors can be
tuned to exclude infrared radiation in order to
reduce heat loads. Here we investigated the
question of whether UV and far-red are
beneficial to plant growth or whether they too
should be excluded. Our results indicate that
there is no simple answer to this question. Both
are sometimes beneficial and sometimes
detrimental. It depends on the species, intensity
and wavelength.
Our work will continue to determine thresholds
of radiation for different species of both good
and bad effects.
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